We calculate the Wilson coefficients of dimension 6 gluon operators with spin indices in the two point correlation function of the heavy scalar, pseudoscalar, and axialvector currents. Our result completes the list of all Wilson coefficients of gluon operators up to dimension 6 for the correlation functions between heavy quark currents without derivatives. We then use the result to investigate the stability of the QCD sum rule results for the ηc, J/Ψ, χc0, and χc1 mesons near Tc. While the inclusion of the dimension 6 operators increases the stability of the sum rules for all currents, all of them break down slightly above Tc with that for the J/ψ persisting to relatively highest temperature.
I. INTRODUCTION
Ever since the seminal work by Matsui and Satz [1] that the J/ψ suppression in heavy ion collisions could serve as a signature for the formation of the quark-gluon plasma, a great deal of works have been devoted to the subject [2] . On the other hand, the question of whether the charmonium states disappears at T c or at higher temperature is still controversial up to this date [3] . While it is generally accepted that J/ψ is composed dominantly of cc quark pair interacting within a non relativistic confining potential at zero temperature, it is not clear what effective potential should be used to analyze the property at finite temperature [4, 5] .
A robust non-perturbative method to calculate the properties of charmonium at zero temperature is based on the QCD sum rule approach [6, 7] . The method has been found to work well in reproducing the masses of the ground state charmonium states, the electromagnetic decay width of the J/ψ, and even the mass difference between η c and J/ψ even before experiment. In a constituent quark model, the mass difference between the η c and J/ψ is due to the color-spin interaction, which phenomenologically is inversely proportional to the masses of the quark and antiquark. However, it is well known that a naive generalization of the formula fitted to the light quark system and the light heavy quark system underestimates the mass splittings between heavy-heavy quark systems by a factor of 4 [8] . The fact that QCD sum rule fits the mass difference indicates that the method captures well the detailed non-perturbative effects involved in the masses of the charmonium states. Therefore, if one is able to systematically investigate the temperature modification of the operator product expansion (OPE) starting from the vacuum, one can hope to learn about the modification as well as the disappearance of the charmonium states above the critical temperature.
In a previous set of works [9] [10] [11] , it was shown that one can indeed study the gradual change of the OPE at finite temperature as well as the abrupt change near T c .
This was due to the fact that the temperature dependence of dimension 4 operators, the gluon condensate, and the twist-2 gluon operator that newly appears at finite temperature, could be well extracted from the lattice calculation of the energy density and pressure at finite temperature. On the other hand, when the temperature dependencies of the OPE were used in the charmonium sum rules, it was found to break down at T > 1.04T c for the J/ψ and at T > 1.03T c for the P -wave states, respectively [12] .
It is not clear if the breakdown of the sum rules is due to the melting of the charmonium states or the breakdown of the OPE. To shed light into the problem, we have recently studied the effect of including the dimension 6 operators to the moment sum rules for J/ψ at finite temperature. It was found that their contribution indeed improved the stability to slightly higher temperature [13] . In this work, we calculate the Wilson coefficients of dimension 6 gluon operators with spin indices in the two point correlation function of the heavy scalar, pseudoscalar, and axialvector currents. Our result completes the list of all Wilson coefficients of gluon operators up to dimension 6 for heavy quark currents without derivatives. We then use the result to investigate the stability of both the moment and Borel QCD sum rule result for the η c , J/ψ, χ c0 , and χ c1 mesons near T c . While the inclusion of the dimension 6 operators increases the stability, the sum rules for all currents break down slightly above T c with that for the J/ψ persisting to relatively highest temperature.
The paper is organized as follows. In section II, we give a summary of the independent dimension 6 gluon operators. Section III shows the calculation for the Wilson coefficients of gluon operator with spin indices up to dimension 6 for each currents. In section IV, we discuss the temperature dependence and the stability for the moment and Borel sum rules for charmonium states near T c . Section IV is devoted to the summary and a possible interpretation of our result. We list moments and Borel transformed Wilson coefficients in Appendix A and B re-spectively. Appendix C summarizes the forms for the continuum contribution.
II. INDEPENDENT DIMENSION 6 GLUON OPERATORS
Here, we summarize the different representations of the dimension 4 and dimension 6 operators with spin 0 and spin 2 [13] .
A. dimension 4 operators
There are two independent gluon operators at dimension 4. They can be represented as scalar and spin 2 operators as follows [14] .
where ST means symmetric and traceless indices and u µ = (1, 0, 0, 0) is the medium four vector taken specifically to take the form in this work. These two independent operators can be recast into the color electric and magnetic condensates as follows.
Using the energy momentum tensor, one obtains the temperature dependencies of these operators from the lattice measurement of the energy density ǫ and pressure p in pure gauge theory [15] .
The temperature dependence in full QCD is expected to be not so different from that obtained in pure gauge theory [10] .
B. dimension 6 operators
There are two independent scalar operators, one of which vanishes in pure gauge theory when the equation of motion is used [16] . The spin 2 gluon operators were categorized [17, 18] and their anomalous dimensions were calculated recently [18] . In purge gauge theory, only one gluon operators survive. Using covariant derivatives acting on the gluon condensates, the spin 0 and spin 2 gluon operators are
Introducing a simplified notation G
βν , one can express the spin 0 and 2 operators as follows:
in the pure gauge theory where
We can again express these operators in terms color electric and color magnetic fields.
where we have abbreviated the triple scalar product in color space f abc A a · (B b × C c ) as ABC for simplicity. While the temperature dependence of the dimension 6 gluon operators can be calculated from the lattice using folded Wilson loops in the future, we will assume their temperature dependence from the following approximation.
where the normalization factor N is used to reproduce the vacuum value.
III. WILSON COEFFICIENTS
We start from the following two point correlation function for the scalar(S), pseudoscalar(P), vector(V), and axialvector(A) currents (J = I, iγ 5 , γ µ , (q µ q ν /q 2 − g µν )γ ν γ 5 ) and classify it according to spin and dimension of operators which occur in the OPE.
non-zero spin gluon operators are carried out in Refs [14] . The new results of this work are the Wilson coefficients of the dimension 6 spin 2, 4 gluon operators for scalar, pseudoscalar, and axialvector currents. The Wilson coefficients of dimension 6 operators with spin indices for the vector current were calculated in Ref. [13] , but result for the spin 4 operator is larger than ours by a factor 2.
In this section, we summarized all Wilson coefficients for non-zero spin operators up to dimension 6. For the notations, we essentially follow those in Ref. [13] .
where m is the heavy quark mass and Q 2 = −q 2 . h denotes the heavy qaurk field.
Vector : 
Axialvector : 
IV. APPLICATIONS : QCD SUM RULES FOR CHARMONIUM STATES NEAR Tc
We use the Wilson coefficient calculation to construct QCD sum rule to investigate the mass of the four charmonium states, η c , J/Ψ, χ c0 , and χ c1 , from the two point function of the corresponding P,V,S, and A currents, near T c . The moment sum rule for J/ψ was analyzed in our previous paper [13] . Here, we generalize the calculation to all charmonium states and also construct and analyze the corresponding Borel sum rule. We follow closely our previous paper [13] to estimate temperature dependence of dimension 6 condensates except for the dimension 6 spin 4 operator αs π G a µκ G a νκ;αβ | ST . Previously, we estimate this by using gluon distribution function, thermal gluon mass, and Bose distribution function as follows,
where
A. Moment Sum Rule
For the first application, we define power moments M J n from the correlation function to pick out information of the lowest lying resonance. By defining the dimensionless correlation functionΠ
2 ) and Π S,P = Π S,P /q 2 for the respective quantum numbers, the moments are given as
Assuming that the imaginary part of the correlation function is dominated by very sharp pole from the lowest lying resonance, the charmonium mass is approximately obtained by the extremum value in moment (Fig. (1) ) plot of the following charmonium mass
For the moment sum rule, we used different parameter sets for S-wave and P-wave reffering to Ref [7] . For the continuum, we use the simple form valid in the infinitely heavy quark limit and listed in Appendix C. When Eq. (43) is plotted as a function of n, an extremum will appear if the modeling of the imaginary part is consistent with the OPE. At larger n the plot will deviate from the mass as the truncation of the OPE will fail
FIG. 1: Results of moment Sum rules
while at smaller n the approximation of the continuum will dominate. The existence of the extremum signals that the mass is reliable and the asympotic expansion is well approximated in both the imaginary part and the OPE part in that region, making the extracted value for the mass reliable. We determine the reliable region by imposing the continuum contribution to be less than 30% of the total perturbative contribution and the dimension 6 contribution to be less than 10% of the total contribution. In this criterion, we find that n min is about 2∼3 for every current and not important in this work. Only n max at 1.05T c is critical in determining stability of the sum rules. For S,P,V, and A currents, n max at 1.05T c is about 25,29,20, and 22 respectively. Thus, we find that only vector particle is stable up to 1.05T c from the moment sum rule. Moreover, the extremum exists only for the vector channel.
According to the sequential charmonium dissociation scenario [19] , ground state of psuedoscalar particle might be more stable than other P-wave particles. However, moment sum rule results show that pseudoscalar particle has the worst stability among the four states even though we include dimension 6 contribution. This is contrary to our expectation. However, as we will discuss later, it could be a consequence of the approximation of the current sum rule approach as the contribution from disconnected diagrams, which we have neglected, will be large in the PS channel.
B. Borel Sum Rule
To pick up the lowest resonance properties better than from the moment sum rule, we apply Borel transformation to the previous defined correlation function as follows.
The Borel sum rule is expected to further suppress the continuum contribution than in the moment sum rule even for the heavy quark system [11] . For the parameters, we used m c =1.28 GeV and α s = 0.3 following Ref [20] . We also include the α s correction to the continuum contribution as calculated in Ref. [7] and used in Ref. [11] , which we list in Appendix C. For the continuum thresholds 0 , we chose it to make the Borel curve most flat at each temperature. Additionally, we introduce the Borel window bounded by σ min and σ max , which are determined using similar criteria to fix the range of n in the case of moment sum rule. The effective thresholds and Borel windows determined as described above are listed in Table II and III, respectively. As can be seen from Fig. (2) , the Borel curve for the vector mass shows stability up to 1.05T c with a wide Borel window consistent with the results from the moment sum rule. The scalar and axialvector particles has a minimum in the Borel curve up to 1.05T c but the Borel windows at this temperature are too narrow (Table III) . Thus the sum rules seem stable only up to 1.04 T c . Pseudoscalar particle has a wide Borel window at 1.05T c but has no stability. This suggests that a sharp pole ansatz is inconsistent with the OPE or there is something missing in the OPE.
It is useful to look at the result in connection with the natural decay widths of these states as given in Table IV. The states we are considering can not decay into open charm hadrons. Hence, their hadronic decays are dominated by the disconnected diagrams that decay into light hadrons. The fact that the vacuum width of η c is large is an experimental proof that the disconnected diagrams are large in this channel. Similar situation is also manifest in the light quark sector as seen by the small mixing angle and ideal mixing of the flavor octet and singlet representation in the pseudoscalar and the vector channel, which are consequences of the large and small contributions of the disconnected diagrams in the respective channels. This means that in the pseudoscalar channel, the OPE should have a nontrivial contribution from the disconnected diagrams, which we do not include. It also suggests that the large width in the vacuum will induce an even larger increase in the width at finite temperature, which should be properly taken into account at finite temperatures for this channel. A thermal width in the sum rule will slightly change the temperature dependence of the J/ψ mass near T c [11] . However, a more detailed study allowing for a more realistic imaginary part that takes into account various form for the thermal width and scattering effects as well as an estimate of the disconnected diagrams should be a topic to pursed in the future. We summarized mass, decay width, and maximum temperature which stability of sum rule is maintaind for both moment and Borel sum rule for each current state in Table IV . 
We have presented the Wilson coefficients of dimension 6 gluon operators with spin indices in the two point correlation function of the heavy scalar, pseudoscalar, and axialvector currents. Our result completes the list of all Wilson coefficients of gluon operators up to dimension 6 for the correlation functions between heavy quark currents without derivatives. We have also presented results on the stability of the QCD sum rule results for the η c , J/Ψ, χ c0 , and χ c1 mesons near T c . While the inclusion of the dimension 6 operators increases the stability, the sum rules for all currents break down slightly above T c with that for the J/ψ persisting to relatively highest temperature. As our approach is based on a systematic extension of the vacuum QCD sum rules for the charmonium states, the results should be reliable up to the temperature where the stability persist. Above the temperature, the OPE convergence as well as the naive peak structure of the spectral densities becomes questionable. One possible interpretation of our result could be that all the charmonium states dissolves at slightly above the critical temperature or at least that a naive peak structures with width are not consistent with the OPE above these temperatures. To confirm these results, it would be useful to work out the dimension 8 contribution as it is known that dimension 6 contribution has a smaller effect compared to dimension 4 and 8 operators due to to the extra suppressing numerical factor in the Wilson coefficients [16] . Also, it would be useful to link the operators contributing dominantly in the OPE representation of the space-time Wilson loops to those contributing to the two point correlation functions. This together with a more realistic modeling of the imaginary part above T c will be a useful future research topic to understand the real dissolving temperatures of the charmonium states.
Appendix A: Moments
In this Appendix, we list all moments for completeness.
(47)
(50)
We project out the non-zero spin operators using the medium four velocity u µ = (1, 0, 0, 0). 
Scalar: Vector: 
Pseudoscalar:
Axialvector: We summarize the forms for the continuum part of the spectral function which we use in the Moment and Borel sum rules. For the Moment sum rule, we use following simple form. For the Bore sum rule, we consider the full α s correction calculated in Ref. [7] and well summarzied in Ref. [11] . 
